Asphalt pavements with delamination problems experience considerable early damage because delaminations provide paths for moisture damage and the development of damage such as stripping, slippage cracks, and pavement deformation. Early detection of the existence, extent, and depth of delaminations in asphalt pavements is key for determining the appropriate rehabilitation strategy and thus extending the life of the given pavement. 
Notice
The project that is the subject of this report was a part of the second Strategic Highway Research Program, conducted by the Transportation Research Board with the approval of the Governing Board of the National Research Council.
The members of the technical committee selected to monitor this project and review this report were chosen for their special competencies and with regard for appropriate balance. The report was reviewed by the technical committee and accepted for publication according to procedures established and overseen by the Transportation Research Board and approved by the Governing Board of the National Research Council.
The opinions and conclusions expressed or implied in this report are those of the researchers who performed the research and are not necessarily those of the Transportation Research Board, the National Research Council, or the program sponsors.
The Transportation Research Board of the National Academies, the National Research Council, and the sponsors of the second Strategic Highway Research Program do not endorse products or manufacturers. Trade or manufacturers' names appear herein solely because they are considered essential to the object of the report.
The Second Strategic Highway Research Program
America's highway system is critical to meeting the mobility and economic needs of local communities, regions, and the nation. Developments in research and technology-such as advanced materials, communications technology, new data collection technologies, and human factors science-offer a new opportunity to improve the safety and reliability of this important national resource. Breakthrough resolution of significant transportation problems, however, requires concentrated resources over a short time frame. Reflecting this need, the second Strategic Highway Research Program (SHRP 2) has an intense, large-scale focus, integrates multiple fields of research and technology, and is fundamentally different from the broad, mission-oriented, discipline-based research programs that have been the mainstay of the highway research industry for half a century.
The need for SHRP 2 was identified in TRB Special Report 260: Strategic Highway Research: Saving Lives, Reducing Congestion, Improving Quality of Life, published in 2001 and based on a study sponsored by Congress through the Transportation Equity Act for the 21st Century (TEA-21). SHRP 2, modeled after the first Strategic Highway Research Program, is a focused, timeconstrained, management-driven program designed to complement existing highway research programs. SHRP 2 focuses on applied research in four areas: Safety, to prevent or reduce the severity of highway crashes by understanding driver behavior; Renewal, to address the aging infrastructure through rapid design and construction methods that cause minimal disruptions and produce lasting facilities; Reliability, to reduce congestion through incident reduction, management, response, and mitigation; and Capacity, to integrate mobility, economic, environmental, and community needs in the planning and designing of new transportation capacity.
SHRP 2 was authorized in August 2005 as part of the Safe, Accountable, Flexible, Efficient Transportation Equity Act: A Legacy for Users (SAFETEA-LU). The program is managed by the Transportation Research Board (TRB) on behalf of the National Research Council (NRC). SHRP 2 is conducted under a memorandum of understanding among the American Association of State Highway and Transportation Officials (AASHTO), the Federal Highway Administration (FHWA), and the National Academy of Sciences, parent organization of TRB and NRC. The program provides for competitive, merit-based selection of research contractors; independent research project oversight; and dissemination of research results.
The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distinguished scholars engaged in scientific and engineering research, dedicated to the furtherance of science and technology and to their use for the general welfare. On the authority of the charter granted to it by Congress in 1863, the Academy has a mandate that requires it to advise the federal government on scientific and technical matters. Dr. Ralph J. Cicerone is president of the National Academy of Sciences.
The National Academy of Engineering was established in 1964, under the charter of the National Academy of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its administration and in the selection of its members, sharing with the National Academy of Sciences the responsibility for advising the federal government. The National Academy of Engineering also sponsors engineering programs aimed at meeting national needs, encourages education and research, and recognizes the superior achievements of engineers. Dr. Charles M. Vest is president of the National Academy of Engineering.
The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the services of eminent members of appropriate professions in the examination of policy matters pertaining to the health of the public. The Institute acts under the responsibility given to the National Academy of Sciences by its congressional charter to be an adviser to the federal government and, on its own initiative, to identify issues of medical care, research, and education. Dr. Harvey V. Fineberg is president of the Institute of Medicine.
The National Research Council was organized by the National Academy of Sciences in 1916 to associate the broad community of science and technology with the Academy's purposes of furthering knowledge and advising the federal government. Functioning in accordance with general policies determined by the Academy, the Council has become the principal operating agency of both the National Academy of Sciences and the National Academy of Engineering in providing services to the government, the public, and the scientific and engineering communities. The Council is administered jointly by both Academies and the Institute of Medicine. Dr. Ralph J. Cicerone and Dr. Charles M. Vest are chair and vice chair, respectively, of the National Research Council.
The Transportation Research Board is one of six major divisions of the National Research Council. The mission of the Transportation Research Board is to provide leadership in transportation innovation and progress through research and information exchange, conducted within a setting that is objective, interdisciplinary, and multimodal. The Board's varied activities annually engage about 7,000 engineers, scientists, and other transportation researchers and practitioners from the public and private sectors and academia, all of whom contribute their expertise in the public interest. The team especially recognizes the efforts of the hardware and software development staffs of 3d-Radar and Olson Instruments, Inc., for improving the capabilities of their NDT technologies to meet the needs of highway agencies.
Asphalt pavements with delamination problems experience considerable early damage because delaminations provide paths for moisture damage and the development of damage such as stripping, slippage cracks, and pavement deformation. Early detection of the existence, extent, and depth of delaminations in asphalt pavements is key for determining the appropriate rehabilitation strategy and thus extending the life of the given pavement.
This report presents the findings of the first two phases of SHRP 2 Renewal Project R06D, Nondestructive Testing to Identify Delaminations Between HMA Layers. The main objective of the project was to develop nondestructive testing (NDT) techniques capable of detecting and quantifying delaminations in HMA pavements. The NDT techniques should be applicable to construction, project design, and network-level assessments.
During Phase 1 of the project, the research team evaluated NDT methods that could potentially detect the most typical delaminations in asphalt pavements. Both laboratory and field testing were conducted during this task. Based on the findings from this testing, the manufacturers of two promising technologies conducted further development of their products to meet the goals of this project in Phase 2. The two technologies advanced in this research were ground-penetrating radar (GPR) and impact echo/spectral analysis of surface waves (IE/SASW).
Additionally, the project developed guidelines and piloted both NDT technologies in collaboration with highway agencies. Once completed, the results from this additional scope of work will be published as an addendum to this report.
The research in this volume was developed by the research team as listed on the title page. It was lead by Dr. Nam Tran.
Field testing of the 3d-Radar ground-penetrating radar (GPR) system was carried out at sites in Florida, Kansas, and Maine. The equipment configuration used for this testing is shown in Figure 1 .1. The data were collected at 3 nominal speeds: 40 mph, 20 mph, and 5 mph, and the level of detail of the data increased as the speed was lowered. The data analysis was carried out on the lowest-speed data, because these data had the highest level of detail. This data collection was carried out on a smaller section of pavement that was selected to most likely include delaminations. The selection of the test area was based on a review of the higher-speed data, on observation of surface distress, and on core data available from previous testing conducted by the corresponding state department of transportation.
The primary purpose of the initial review of the GPR data was to identify a 2,000-ft-long section for testing of the mechanical wave system. An additional objective was to identify specific locations for coring, which was carried out in conjunction with the mechanical wave testing. Mechanical wave testing was carried out only in Florida and Kansas, so those sites were reviewed.
The section selected for a more detailed analysis was based on a review of the three-dimensional (3-D) GPR data and on the observed surface conditions. The focus was on the southbound section, particularly the segment between Milepost (MP) 413 and the southbound rest area entrance. Surface distress observed in this area suggests some moisture damage in the layers below. See Figure 1 .2.
Core data in this area show a total asphalt thickness of approximately 9 in. In 1997, the pavement was milled approximately 5 in. and replaced with a 1-in. friction course, a 1.5-in.-thick layer of 12.5 mm mix, a 1.5-in.-thick layer of 19 mm mix, and a 0.5-in. layer of asphalt rubber membrane interlayer (ARMI). It is believed, on the basis of core data, that moisture damage was occurring either between the 12-mm and the 19-mm mixes or between the 19-mm mix and the ARMI layer. Figure 1 .3 shows an overview of the GPR layer structure data for this southbound region. The section is fairly homogeneous, but it appears that the overall asphalt thickness is lower in the segment north of the rest area. Figure 1 .4 shows local detail of the pavement cross section. Note that what appears to be the ARMI layer is evident periodically in the GPR data structure. It is possible that if this layer is impermeable, a layer boundary will appear in the GPR data where moisture has been retained. On the basis of a qualitative review of the depth slice data, it was recommended that the mechanical wave testing be carried out on a 2,000-ft-long section that began 2,000 ft south of MP 413. Table 1 .1 is a summary of the field observations and selected core locations. The surface reference marks are used to tie the location of test data files to physical observations of distress or other features on the surface of the pavement.
Figures 1.5, 1.6, 1.7 and 1.8 show the core locations superimposed on the GPR horizontal slice and profile data. The top figure is the horizontal (depth) slice, the bottom left figure is the longitudinal profile, and the bottom right figure is the transverse profile. The numbers in circles are the core numbers. Figure 1 .9 shows the automated activity analysis for the Gainesville site. The likelihood of distress is color coded. The location of each core was added to the analysis. Pavement sections with some delamination problems in four states were selected for uncontrolled field testing of the two nondestructive testing (NDT) techniques. However, because of some delays in equipment improvement, uncontrolled field testing did not begin until winter 2010 for the groundpenetrating radar (GPR) technique and until spring 2011 for the mechanical wave technique. Weather conditions were not suitable for field testing in Maine and Washington State. Therefore, the two NDT techniques were evaluated only on pavement sections in Florida and Kansas. This chapter discusses the selection of coring locations and the results from testing cores in the laboratory.
In Florida, pavement sections selected for high-speed GPR testing were northbound and southbound segments between MP 413 and MP 409 on I-75. After the high-speed GPR testing was completed, results were reviewed, and an approximately 4,500-ft southbound section starting from MP 413 was selected for low-speed GPR testing. Core data in this area provided by the Florida Department of Transportation (FDOT) showed a total asphalt thickness of approximately 9 in. In 1996, the pavement was milled approximately 5.5 in. and replaced with a 0.5-in. layer of asphalt rubber membrane interlayer (ARMI), a 2-in. layer of 19-mm Superpave mix, a 1.25-in. layer of 12.5-mm Superpave mix, and a 0.75-in. layer of open-graded friction course (OGFC). Based on results of indirect tensile strength testing of field cores, moisture damage may be occurring either between the 12-mm mix and the 19-mm mix or between the 19-mm mix and the interlayer layer.
After reviewing results of the GPR testing and other information provided by FDOT, the research team decided to conduct field testing of the mechanical wave technique on the same 2,000-ft section starting from MP 413. In addition, locations where anomalies were identified in the GPR results were selected for lightweight deflectometer testing and cutting cores to verify the pavement condition. More details on the core locations are in Chapter 1. Table 2 .1 shows the locations where anomalies were found in the GPR results and where cores were extracted in the 4,600-ft pavement site starting from MP 413. Chapter 1 showed the anomalies and the locations of the 10 cores in conjunction with the NDT test results.
All the cores were intact and brought back to the NCAT laboratory for testing. Results of laboratory testing according to AASHTO T 283 test method are shown in Tables 2.2 Field testing of the 3d-Radar ground-penetrating radar (GPR) system was carried out at sites in Florida, Kansas, and Maine. The equipment configuration used for this testing is shown in Figure 3 .1. The data were collected at 3 nominal speeds: 40 mph, 20 mph, and 5 mph. The level of detail of the data increased as the speed was lowered. The data analysis was carried out on the lowest-speed data, because these data had the highest level of detail. This data collection was carried out on a smaller section of pavement that was selected to most likely include delaminations. The selection of the test area was based on a review of the higher-speed data, on observation of surface distress, and on core data available from previous testing conducted by the corresponding state department of transportation. The primary purpose of the initial review of the GPR data was to identify a 2,000-ft long section for testing of the mechanical wave system. Figure 3 .2 gives the limits of the test section on US-400 in Kansas. An additional objective was to identify specific locations for coring, which was carried out in conjunction with the mechanical wave testing. Pavement sections with some delamination problems in four states were selected for uncontrolled field testing of the two nondestructive testing (NDT) techniques. However, because of some delays in equipment improvement, uncontrolled field testing did not begin until winter 2010 for the groundpenetrating (GPR) technique and until spring 2011 for the mechanical wave technique. Weather conditions were not suitable for field testing in Maine and Washington State. Therefore, the two NDT techniques were evaluated only on pavement sections in Florida and Kansas. In Kansas, a westbound pavement section between Milepost (MP) 412 and MP 425.5 on US-400 was selected for highspeed GPR testing. Results of the high-speed GPR testing were then reviewed, and a pavement section of approximately 3,500 ft starting from MP 417.1 was selected for low-speed GPR testing. On the basis of core data provided by the Kansas Department of Transportation (KDOT), the pavement thickness of the long section varied from 13.5 to 19 in., and the pavement thickness of the short section was approximately 13.5 in. This section was a full-depth asphalt pavement. In 1988, an 8-in. dense-graded asphalt base layer was built on top of subgrade and then surfaced with a 2-in. asphalt layer. In 1991, this section was overlaid with an asphalt layer 1 to 1.5 in. thick. Another surface layer approximately 2-in. thick was placed on top of this section in 1999. The data also showed that all the cores cut from the short section broke at a depth of between 1.75 and 4.75 in. from the surface, and the base layer had a severe stripping problem.
After reviewing the GPR test results and other information provided by KDOT, the research team decided to conduct field testing of the mechanical wave technology on the same 3,500-ft section starting from MP 417.1. Locations where anomalies were identified in the GPR results were selected for lightweight deflectometer testing and cutting cores to verify the delamination condition. This chapter discusses the selection of coring locations and the results from testing cores in the laboratory. Table 4 .1 shows the locations where anomalies were found in the GPR results and where cores were extracted in the 3,500-ft pavement site starting from MP 417.1. 
